Frictional anisotropy of the basal plane of natural fluorapatite single crystals was observed; the coefficient of friction (fi) 
Preliminary studies of the wear of fluorapatite single crystals subjected to sliding neglected the possible influence of crystallographic direction on the frictional behavior and surface failure of the basal plane. [1] [2] [3] In these studies, possible anisotropic effects were considered to contribute to the experimental error in the analysis of the data. Buckley4 has observed that friction coefficients (with limited plowing components) for a number of metals in sliding contact with other metals were lowest on the preferred slip or glide plane in the preferred slip direction. The anisotropy of surface failure has been discussed to a limited extent by Steijn5 for sapphire and by Bowden. Brookes, and Hanwell6 and Bowden and Brookes7 for magnesium oxide single crystals. Received for publication May 10, 1972. the influence of sliding direction on the frictional behavior and surface failure of the basal plane of fluorapatite single crystals. Tables I and 2 for sliding in the x and y directions on the set of six crystals. Values of W and F, the tangential force, were evaluated at IV = fQ. From the value of IV (n) and the geometry of the slider, the track depth evaluated at Q. d (u), was calculated. The following parameterse derived from Hertzian theory also were evaluated at W = n: z, the distance below the surface of the crystal at which shear stress is a maximum; p', the maximum normal pressure; Tr,,,x, the maximum shear stress; rhoinldary' the shear stress at the boundary of An analysis of variance was used to determine if there was a difference among values of /3 indicated in Table 2 . The analysis of variance was based on a twofactor design; the factors of specimens and sliding directions were studied at six and two levels, respectively. The main effect of specimens was found to be significant, since F = 45.4 > F(5.) 4 .10, at the 0.001 level.
Materials and Methods
It was deduced that there were differences among the six crystals. The main effect of sliding direction was significant, since F = 268 > F(1 x) = 10.8, at the 0.001 level.
There was a difference between the two levels of sliding direction. The interaction between crystals and sliding direction, how- surface failure remained ductile to a higher load (n) in the x sliding direction. The remainder of the parameters in the x sliding direction were likewise statistically different (P < 0.05) than those in the y sliding direction. An average coefficient of variation associated with the analysis was 39,.
It was interesting to note the trend of comparable variables within a specific column (sliding direction) of Table 3 . We observed that z (n) was an order of mnagnitude larger than d (a) The variables descril)ing stress based on the Hertzian model could be ranked in the following order: tropic friction, although for magnesium oxide, strain was accommodated primarily by plastic deformation over the load range studied. Since subsurface fracture was observed even at the lowest loads in the present study, we propose that the criterion of critical subsurface deformation was met under the experimental conditions examined. The lower friction in the y direction is consistent with the hypothesis proposed by Buckley4 that lower coefficients of friction can be expected for sliding in preferred slip directions for materials with limited plowing components. In the present study, the y direction was parallel to a slip direction, although the {0l 101 < 01 10 > slip system is less energetically favorable than the {0l 10} [0001] system.18 Statistical analysis of the track width data for the x and y sliding directions was hindered by the scatter of the data at low loads.
This scatter apparently was due to roughness of the diamond slider. The roughness resulted in outlying scratches, presumably caused by "bumps" or asperities located beyond the circle of contact defined by the Hertzian analysis.' Nevertheless, these outlying scratches were included in the measurement of track width; thus, at low loads, larger values of track width were measured than should have been. The net effect caused the results of regression analysis to be difficult to interpret.
Oualitative interpretation of the track width data suggested that there probably was little difference between the values measured for the x and y sliding directions. The fit of these values to the calculated curves was reasonably good, except for values measured at low loads. These observations are consistent with the fact that elastic properties of hexagonal crystals are symmetrical around the c axis. Any variation in track width that might be observed would necessarily be the result of variation in the degree of plastic deformation attainable in a given direction; however, such variation was not observed.
The value of the maximum normal load above which a ductile mode of surface failure is no longer observed was significantly X In the present study, the contact area between the diamond slider and the basal plane of FAP was asslimed to be circular. lower in the y sliding direction, as indicated in Table 3 . This observation can be interpreted to mean that the ductile-to-brittle transition occurs at a lower load in the y sliding direction. Consistent with this is the observation that the values of p' (il), a-y (f), and Tboundary (Q1) were lower in the y sliding direction. Presumably, the initiation of subsurface failure, which occurred to a greater extent in the y sliding direction, is influenced predominantly by the magnitude by r,,iax. On the other hand, the initiation of surface fracture could be influenced by rbo..dlryor by A-,. As indicated in Table 3 , c-r was observed to be greater in magnitude than Tboundary. Therefore, the magnitude of a-, probably controls the initiation of surface failure under the experimental conditions examined.
The anisotropy of surface failure has been discussed only to a limited extent in the literature. The existence of the ductile-tobrittle transition for the basal plane of FAP was reported by Powers and Craig3; however, they failed to identify direction of sliding as a variable in that study. The scatter of their fracture classification data may now be explained. Steijn5 found that the wear of the basal plane of sapphire was independent of sliding direction, although wear of a prismatic plane resulted in severe chipping in a [0001] direction but gave a smooth wear surface in the [2110] direction. Bowden, Brookes, and Hanwell,6 and Bowden and Brookes7 observed that the orientation of chevrons and tensile cracks in magnesium oxide single crystals depended on sliding direction. In the present study, surface cracks formed during sliding in the y direction were oriented 300 from the track and pointed toward the origin of sliding. Cracks formed during sliding in the x direction were oriented at an angle larger than 450 and pointed toward the origin of sliding.
The following model is proposed to explain the fracture behavior observed for sliding on the basal plane of FAP. This model is diagrammed in Figure 3 . For sliding in the y direction (Fig 3, b) , the complex stress state is such that imperfect cleavage occurs on (1010) and (1100) planes, that is, those planes oriented at a 300 angle to the direction of sliding. For sliding in the x direction (Fig 3, a) , the same stress state would favor cleavage on those planes oriented at a 300 angle to the direction of sliding, that is, the (1210) and (1120) planes. However, cleavage on (2110) planes, although observed for melt-grown crystals, was not observed for natural FAP. Furthermore. cleavage on {2110) planes should be less favorable energetically than cleavage on (0110) planes because of the larger number of strongly bound phosphate tetrahedra overlapping (2110). Thus, the only cleavage planes oriented favorably to accommodate the stress imposed as a result of sliding in the x direction are the (1100) and (1010) planes. Because they are oriented at less favorable angle of 600 to the sliding direction, a larger maximum normal stress would be required to initiate cracking in this direction. Cracks that occurred infrequently at an angle of 300 for sliding in the x direction were probably the result of {2110} cleavage, perhaps on a plane where a natural flaw existed. The fact that most cracks were observed at a 45°angle to the wear track suggests that for sliding in the x direction, the maximum normal stress is oriented to cause cracking at an angle of 450 to the wear scar. This apparent reorientation of the maximum normal stress may be due to the influence of the higher coefficient of friction in the x sliding direction. It is not known whether the cracking observed at 450 is actual cleavage or is noncrystallographic in nature.
Conclusions The influence of sliding direction on the frictional behavior and surface failure of the plane of natural fluorapatite single crystals was evaluated.
Frictional anisotropy was observed; the coefficient of friction (,8) 
